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ARTICLE INFO ABSTRACT

Nitric oxide (NO) triggers escape reactions in the dorsal periaqueductal gray matter (dPAG), a core structure
mediating panic-associated response, and decreases the release of BDNF in vitro. BDNF mediates the panicolytic
effect induced by antidepressant drugs and produces these effects per se when injected into the dPAG. Based on
these findings, we hypothesize that nitric oxide synthase (NOS) inhibitors would have panicolytic properties
associated with increased BDNF signaling in the dPAG. We observed that the repeated (7 days), but not acute
(1 day), systemic administration of the NOS inhibitor aminoguanidine (AMG; 15 mg/kg/day) increased the la-
tency to escape from the open arm of the elevated T-maze (ETM) and inhibited the number of jumps in hypoxia-
induced escape reaction in rats, suggesting a panicolytic-like effect. Repeated, but not acute, AMG adminis-
tration (15 mg/kg) also decreased nitrite levels and increased TRKB phosphorylation at residues Y706/7 in the
dPAG. Notwithstanding the lack of AMG effect on total BDNF levels in this structure, the microinjection of the
TRK antagonist K252a into the dPAG blocked the anti-escape effect of this drug in the ETM. Taken together our
data suggest that the inhibition of NO production by AMG increases the levels of pTRKB, which is required for
the panicolytic-like effect observed.
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1. Introduction (Vincent and Kimura, 1992; Onstott et al., 1993). Nitric oxide (NO) can
freely diffuse across the cell membrane and act as a retrograde signaling
molecule, facilitating glutamate release in several brain regions (Lonart

et al., 1992; Lawrence and Jarrott, 1993; Guevara-Guzman et al.,

The periaqueductal gray matter (PAG) is a midbrain structure cri-
tically associated with the expression of escape/flight responses.

Chemical or electrical stimulation of the dorsal regions of the PAG
(dorsolateral and dorsomedial columns) in animals triggers escape re-
actions that have been associated with panic attacks (Depaulis et al.,
1992; Brandao et al., 2008). In humans, stimulation of the dorsal PAG
(dPAG) leads to feelings of fear and imminent death (Nashold Jr et al.,
1969). As evidenced by Mobbs and colleagues, situations of proximal
threat increase midbrain activation in, putatively, the PAG area (Mobbs
et al., 2007, 2010).

The neuronal nitric oxide synthase (NOS1 or nNOS) enzyme is
highly expressed in the PAG, especially in its dorsolateral columns

1994). Activation of the NMDA receptor (NMDAr) by glutamate sti-
mulates NO synthesis through calcium influx (Garthwaite et al., 1989),
resulting in a positive-feedback response. Injections of NO donors or
NMDA-receptor agonists into the dPAG precipitates escape reactions,
while local administration of NOS inhibitors or NMDAr antagonists
prevents such behaviors (De Oliveira et al., 2001; Miguel and Nunes-de-
Souza, 2006; Aguiar and Guimaraes, 2009).

Activation of extra-synaptic NMDAr (Vanhoutte and Bading, 2003)
or increased production of NO (Canossa et al., 2002) inhibit the
synthesis/release of brain-derived neurotrophic factor (BDNF). BDNF,
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through activation of tropomyosin-related kinase B receptors (TRKB),
regulates neuronal maturation (Cohen-Cory, 2002), synaptic transmis-
sion (Figurov et al., 1996), and cell growth and survival (Ceni et al.,
2014). It has been proposed that BDNF is also crucial to the effect of
antidepressant drugs (Nibuya et al., 1995; Russo-Neustadt et al., 1999;
Coppell et al., 2003; Duman and Monteggia, 2006; Molteni et al., 2006;
Castrén et al., 2007; Martinowich and Lu, 2008). According to the
‘neurotrophic hypothesis’, antidepressant drugs increase BDNF levels,
especially in the hippocampus and frontal cortex, resulting in synaptic
function strengthening and antidepressant/anxiolytic responses
(Duman et al., 1997). Antidepressant drugs such as fluoxetine are the
first-line treatment for panic disorder patients (Freire et al., 2014).

Of importance to the present study, the microinjection of BDNF into
the dPAG inhibited escape responses induced by electrical stimulation
of this structure (Casarotto et al., 2010). It also attenuated escape
produced by exposure to the open arm of the elevated T maze (ETM)
(Casarotto et al., 2015), usually interpreted as indicative of a panico-
lytic-like effect (for a full description of this later test, see Zangrossi Jr
and Graeff, 2014). Moreover, chronic treatment with different anti-
depressants increased BDNF levels in the dPAG, and this effect was
associated with the anti-escape action of these drugs (Casarotto et al.,
2015).

Based on these findings, we here hypothesized that the inhibition of
NOS would induce panicolytic-like effect by increasing BDNF signaling
in the dPAG. To test this hypothesis, we first investigated whether acute
or repeated treatment with the NOS inhibitor, aminoguanidine (AMG),
would inhibit escape behavior in the ETM or induced by hypoxia. Next,
we evaluated whether systemic AMG changes NO, BDNF or TRKB
phosphorylation levels in the dPAG. Finally, we checked whether TRKB
receptors activation in the dPAG is required for the effect of AMG
systemically administered.

2. Methods
2.1. Animals

Male Wistar rats weighing 220-250 g, housed in groups of 6 were
kept on a 12 h dark/light cycle (lights on at 07:00 h) at 22 + 1 °C, with
free access to food and water throughout the experiment. The experi-
ments reported in this article were performed in compliance with
Brazilian Council for Animal Experimentation (CONCEA; protocol
number: 114/2007 and 192/2015), which are based on the US National
Institutes of Health guide for the care and use of laboratory animals
(NIH Publications No. 8023, revised 1978).

2.2. Drugs

Aminoguanidine hydrochloride (AMG; Sigma-Aldrich, #396494)
was dissolved in sterile saline and injected intraperitoneally (ip) at
1ml/kg volume. K252a (Sigma-Aldrich, #05288) was dissolved in
0.2% DMSO in sterile saline and microinjected into dPAG at 10 pmol/
200 nl volume.

2.3. Apparatus

2.3.1. Elevated T-maze

The elevated T-maze (ETM) consisted of three arms of equal di-
mensions (50 cm X 12 cm) elevated 50 cm above the floor (Zangrossi Jr
and Graeff, 2014). One arm was enclosed by 40 cm high walls, per-
pendicular to two opposite open arms surrounded by a 1cm high
Plexiglas rim.

Two days before the test the animals were gently handled by the
experimenter for 5min for habituation. Twenty-four hours before the
test, the rats were randomly exposed to one of the open arms of the
ETM for 30 min, as previously described (Casarotto et al., 2015). For
this, a wood barrier was temporarily placed at the intersection between
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the open and closed arms. This pre-exposition, by shortening the la-
tencies to withdrawal from the open arm during the test, renders the
escape task more sensitive to the effects of panicolytic drugs.

The animals were tested in the elevated T-maze 60 min after the last
drug or vehicle administration. For the avoidance task, each animal was
placed at the distal end of the enclosed arm of the elevated T-maze
facing the intersection of the arms. The time taken by the rat to leave
this arm with the four paws was recorded (baseline). The same mea-
surement was repeated in two subsequent trials (avoidance 1 and 2) at
30s intervals; during which animals were placed in a Plexiglas cage
where they had been previously habituated. For the escape task (per-
formed 30s after avoidance 3), rats were placed at the end of the pre-
viously pre-exposed open arm and the latency to leave this arm with the
four paws was recorded in 3 consecutive times (escape 1, 2 and 3) with
30s intertrial intervals. The measurements were made by a trained
observer blinded to the treatment condition. A cut-off time of 300 s was
established for the avoidance and escape latencies. For further details of
this test, see Zangrossi Jr and Graeff (2014).

2.3.2. Open field

The open-field test was used to assess whether the drugs used af-
fected the locomotion of tested animals. The test was performed in a
Plexiglas circular arena (80cm diameter), with 40cm high walls.
Independent groups of animals were randomly placed in the center of
the circular arena 1 h after the injection for behavioral analysis during
15 min. The total distance traveled was determined by the ANY-MAZE
software (Stoelting, USA).

2.3.3. Hypoxia test

The hypoxia chamber consisted of a roof-sealed Plexiglas cylinder
(25 cm diameter and 35 cm height) with a removable rubber floor. A
flow valve connected to both an air pump and a nitrogen (N) cylinder
was attached to the chamber. Hypoxia (7% O,) was produced by N
administration at a flow rate of 4.51/min during approximately 270 s.
The concentrations of both O, and CO, inside the chamber were
monitored throughout the experiment (ML206 Gas Analyzer,
AdInstruments, Bella Vista, NSW, Australia) and scanned online with
the Power Lab Chart 5 software (AdInstruments, Bella Vista, NSW,
Australia).

The animals randomly closed in the chamber and acclimated under
atmospheric air (21% O,) for 5min. For this purpose, room air was
flushed into the chamber at 4.51/min flow rate. For the induction of
hypoxia, N, was flushed into the chamber (4.5 1/min) for approximately
4 min, until O, is reduced to 7%, and maintained for 6 min. The animal
behavior was recorded throughout the experiment by a video camera.
The number of upward jumps during the hypoxic challenge was re-
corded and analyzed by a trained observer blinded to the treatment
condition. This behavior, interpreted as escape attempts from the ex-
perimental environment, was used as a panic index (for more details on
this test, see Spiacci et al., 2015).

2.4. Stereotaxic surgery and local drug injection

The animals tested in experiment 5 were anesthetized with 2,2,2-
tribromoethanol (250 mg/kg, ip) and placed in a stereotaxic frame. A
guide cannula made of stainless steel (OD 0.6 mm) was implanted into
the brain aimed at the dPAG. The following coordinates from lambda
were used (Paxinos and Watson, 2007): AP = 0mm, ML = +1.9 mm,
DV = —3.2mm. The guide cannula was fixed to the skull with acrylic
resin and two stainless steel screws. A stylet with the same length as the
guide cannula was fixed in the resin to prevent obstruction.

At the end of the surgery, all animals received an antibiotic pre-
paration (0.3 ml, intramuscular, of benzylpenicillin and streptomycin,
Pentabiotico Veterinario Pequeno Porte; Forte Dodge, Brazil), and flu-
nixin meglumine (0.1 ml subcutaneous, Banamine, Schering-Plough,
Brazil) for post-surgery analgesia. The animals were left undisturbed for
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5 days after the surgery, except for normal handling for cage cleaning.

For drug microinjection, a dental needle (0.3 mm outer diameter)
was introduced through the guide cannula until its tip was 1 mm below
the cannula end. A volume of 200 nl was injected into the dPAG for 60s
using a 10ul microsyringe (Hamilton, USA) attached to a microinfusion
pump (KD Scientific, USA). The displacement of an air bubble inside the
polyethylene catheters connecting the syringe to the intracerebral
needles was used to monitor the microinjection. The needle was re-
moved 30s after the injection was finished. To confirm the site of in-
jection, after the end of the experiments, all animals were deeply an-
esthetized with 4% chloral hydrate (1 ml/100g, ip) and 200 nl of fast
green dye was injected through the guide cannula. The brains were
removed and sliced for determination of the injection site. Only animals
with needle tips inside the dorsolateral PAG were considered for the
experimental analysis.

2.5. Sample collection and preparation

2.5.1. BDNF assay

Independent groups of animals were deeply anesthetized with
chloral hydrate (4%) and the dorsal dPAG dissected out using punching
needles (OD 4 mm). The samples were homogenized in lysis buffer
(137 mM NaCl; 20mM Tris-HCl; 10% glycerol) containing protease
inhibitor cocktail (Sigma Aldrich, USA, #P2714) and sodium orthova-
nadate (0.05%, Sigma Aldrich, USA, S6508). The homogenate was
centrifuged (10000 xg) at 4 °C for 15 min and the supernatant collected
and stored at -80 °C.

BDNF levels in the dPAG samples were analyzed in duplicate by
commercial sandwich ELISA kit (Promega, #G7610, USA) according to
the manufacturer's instructions. Briefly, following preincubation with
monoclonal anti-BDNF antibody and blockade of non-specific sites, the
samples were added to 96-well plates. After the secondary and tertiary
antibodies, the developed color intensity was read at 450 nm and
compared to a standard recombinant BDNF curve (7.8-500 pg/ml). The
BDNF concentration was normalized by total protein content in each
sample.

2.5.2. Western-blotting protocol

The levels of TRKB and phosphorylated TRKB (pTRKB) were de-
termined by western blotting (Saarelainen et al., 2003). Briefly, thirty
micrograms of total protein content in each sample was separated in
acrylamide gel electrophoresis and transferred to a PVDF membrane.
Following blockade with 5%BSA in TBST (20 mM Tris-HCl; 150 mM
NaCl; 0.1% Tween20) the membranes were exposed to anti-pTRK at
Tyr706/707 residues (1:1000, Cell Signaling, #4621, USA), total TRKB
(1:1000, Cell Signaling, #4603, USA) or GAPDH (1:2000, Santa Cruz,
USA, #sc25778) overnight at 4°C. After washing with TBST, the
membranes were incubated with secondary HRP-conjugated anti-rabbit
IgG (1,2000, Santa Cruz, #sc2317, USA). Following washing with TBST
and TBS, the membranes were incubated with 4-chloronaphtol (4CN,
Perkin Elmer, #NEL300001EA, USA) for color development. The dried
membranes were scanned and the intensity of bands relative to pTRKB,
TRKB and GAPDH were determined using ImageJ software (NIH, ver-
sion 1.47, USA). TRKB phosphorylation was normalized by total TRKB
levels and expressed as percentage of vehicle-treated group to control
unwanted sources of variation.

2.5.3. Quantification of nitrite concentration in PAG

Samples from dPAG were homogenized in ice-cold phosphate buffer
(pH7.4; 0.5ml) and kept on dark until use (within 5min). Nitrite
concentrations were analyzed in duplicate through an ozone-based re-
ductive chemiluminescence assay as previously described (Feelisch
et al., 2002). Briefly, 400ul of dPAG samples were injected in a purge
vessel, and approximately 8 ml triiodide solution (2 g potassium iodide
and 1.3 g iodine dissolved in 40 ml water with 140 ml acetic acid) was
added. The triiodide solution reduces nitrites to NO, which is purged by
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ozone gas and detected by NO analyzer (Sievers Model 280 NO ana-
lyzer, Boulder, CO, USA). The data were analyzed using the software
OriginLab (version 6.1).

2.6. Experimental procedure

2.6.1. Experiment 1: effect of AMG acute injection in ETM

The potential panicolytic-like effect of acute AMG treatment was
investigate using ETM. At day 1, independent groups of experimentally
naive rats were pre-exposed to one of the open arms as described pre-
viously. On the 2nd day, the animals received a single administration of
AMBG (15, 30 or 60 m/kg, ip) or vehicle solution and were tested in the
ETM 1h after the drug injection. This dose range was based on pre-
liminary studies from our group.

2.6.2. Experiment 2: effect of AMG repeated treatment in the ETM,
hypoxia-induced escape, and open-field test (OF)

The panicolytic-like effect of repeated AMG was investigate using
ETM and hypoxia-induced escape test. Since unspecific motor changes
could potentially act as a confounding factor for aforementioned tests,
thus motor behavior was investigated in the open-field test.
Independent groups of experimentally naive rats were used for each
behavioral test. AMG (15, 30 or 60 mg/kg) or vehicle solution was in-
jected ip once a day for 7 days. All the behavioral analysis was con-
ducted 1 h after the last injection of AMG or vehicle solution.

2.6.3. Experiment 3: effect of AMG treatment on BDNF levels in the PAG

In order to investigate if AMG effect could be associated to increased
levels of BDNF in dPAG, independent groups of experimentally naive
animals received daily ip injections of AMG (15, 30 or 60 mg/kg) or
vehicle solution for 1 or 7 days, and dPAG samples were collected as
described previously 1 h after the last injection.

2.6.4. Experiment 4: effect of AMG treatment on pTRKB and nitrite levels in
the PAG

This experiment was conducted in order to confirm that the drug
regimen used was sufficient to modulate NO production and TRKB
activity in dPAG. Independent groups of experimentally naive rats re-
ceived daily ip injections of AMG (15 mg/kg) or vehicle solution for 1 or
7 days. dPAG samples were collected as described above 1h after the
last injection. Since no changes were observed in the levels of GAPDH
or total TRKB (data not shown), the intensity relative to pTRKB were
normalized by total TRKB and expressed as percent from the control
group.

A separate cohort of animals received daily ip injections of AMG
(15mg/kg) or vehicle solution for 7 days. On day 6, half of vehicle-
treated animals received AMG, therefore the following groups were:
vehicle, AMG-acute, AMG-repeated. 1h after the last injection, the
animals were euthanized for quantification of nitrite levels in the dPAG,
as described above.

2.6.5. Experiment 5: effect of intra-dPAG administration of K252a on
AMG-induced panicolytic-like effect

To test the possible causal relationship between AMG-induced be-
havioral effects and the changes in pTRKB levels in the dPAG, experi-
mentally naive animals with a surgically implanted cannula aiming at
the dPAG were treated ip with AMG (15 mg/kg) or saline for 7 days and
submitted to the ETM 1 h after the last injection. On days 1, 4 and 7 the
animals received intra-dPAG injections of K252a (10 pmol/200 nl) or
vehicle solution 10 min before the ip administration of AMG. The final
groups were: vehicle-saline; vehicle-AMG; K252a-saline; K252a-AMG.

2.7. Statistical analysis

Parametric tests were preferred, in general, in order to gain statis-
tical power. Exception was made for experiments where there was no
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homoscedasticity, no normal distribution, or the measurement scale
was not continuous, in such cases non-parametric tests were used. Data
obtained in ETM was analyzed by two-way ANOVA, with drug treat-
ments and trials as factors, followed by Newman-Keuls' posthoc, when
appropriate. Specifically, for experiment 5, data was analyzed by
multivariate ANOVA (factors: trials, systemic treatment, intra-dPAG
injection) followed by Newman-Keuls' posthoc. Results obtained in the
open field and ELISA were analyzed by one-way ANOVA, followed by
Newman-Keuls' posthoc. Nitrite levels in dPAG and hypoxia-induced
escape reactions were analyzed by Kruskal-Wallis test, followed by
Dunn's posthoc. Western blotting data was analyzed by Mann-Whitney's
test. For all experiments p < 0.05 was considered statistically sig-
nificant. SPSS 25.0 and GraphPad Prism 6 software were used for sta-
tistical analysis and graphical representation of the data. All images
used in the present study (TIF files), as well as the raw data (Excel and
Prism files) obtained by our measurements, are openly available in
figshare (https://figshare.com/), DOL https://doi.org/10.6084/m9.
figshare.7856825.

3. Results
3.1. Experiment 1: effect of AMG acute injection on elevated T maze (ETM)

The two-way repeated measures ANOVA of avoidance data showed
a significant effect of trials [F(2,29) = 42.45; p < 0.05], but not of
treatment [F(3,29) = 0.36; NS] or interaction between these factors [F
(6,29) = 0.38; NS] (Fig. 1). No effect of trials [F(2,29) = 0.17; NS],
treatment [F(3,29) = 0.49; NS] or interaction [F(6,29) = 0.22; NS]
were found for escape latencies, as seen in Fig. 2a, after acute treat-
ment.

3.2. Experiment 2: effect of AMG repeated treatment on the ETM, open field
and hypoxia-induced escape

The analysis of avoidance data showed a significant effect of trials
[F(2,24) = 57.94; p < 0.05], but no effect of treatment [F
(3,24) = 0.72; NS] or interaction between these factors [F
(6,24) = 1.14; NS], as shown in Fig. 1b. On the other hand, the analysis
of escape latencies data (Fig. 2b) revealed a significant effect of treat-
ment [F(3,24) = 3.63; p < 0.05], without effects of trials [F
(2,24) = 2.79; NS] or interaction between these factors [F
(6,24) = 0.89; NS]. The posthoc test showed that AMG at 15 and
60 mg/kg significantly increased the latency to leave the open arm
(Newman-Keuls, p < 0.05). For additional experiments, the lower ef-
fective dose of 15 mg/kg was chosen.

AMBG treatment did not induce locomotor changes in the open field
test (F(3,24) = 0.07, NS]. The mean + SEM(n) of the total distance
traveled, in meters, were vehicle: 22.61 = 6.73(6); AMG 15mg:

a
= 3007 = vehicle
~ = amg 15

2504
o 1 = amg 30
§ 2004 @B amg 60
)
Py 150+
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< 100+
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21.09 4.63(7); AMG 30mg: 22.38 + 5.68(6) and AMG 60 mg:
19.63 0.86(6).

The Kruskal-Wallis test showed a significant effect of AMG treat-
ment in the hypoxia test [H = 7.82; p = 0.04] (Fig. 2c). AMG 15 mg/kg
reduced the number of jumps compared to the vehicle-treated group
(Dunn's p < 0.05).

+
=+

3.3. Experiment 3: effect of AMG treatment on BDNF levels in the PAG

One-way ANOVA revealed that neither acute [F(3,19) = 0.96; NS]
nor repeated treatment with AMG [F(3,39) = 0.34; NS] significantly
changed BDNF levels in the dPAG, (Table 1).

BDNF and TRKB levels are expressed as percentage of the vehicle
group. TRKB levels were not assessed in amg 30 and amg 60 groups. No
significant difference was found by one-way ANOVA (BDNF analysis)
and t-Test (TRKB analysis).

3.4. Experiment 4: effect of AMG treatment on pTRKB and nitrite levels in
the PAG

As shown in Fig. 3a, Mann-Whitney's U test indicates no significant
effect of acute treatment with AMG on pTRKB/TRKB levels [U = 7.00;
p = 0.18] in the dPAG. On the other hand, a significant effect on
PTRKB/TRKB levels [U = 2.00; p = 0.03] was observed after repeated
drug treatment (Fig. 3b). Regarding nitrite levels in the dPAG, AMG
decreased its levels after repeated but not acute administration
(Fig. 3c), as indicated by Kruskal-Wallis [H = 6.33; p = 0.04], followed
by Dunn's multiple comparison test.

3.5. Experiment 5: effect of intra-dPAG administration of K252a on AMG
panicolytic-like effect

As shown in Fig. 4b, the MANOVA showed a significant interaction
between the systemic injection of AMG, central administration of
K252a and trials [F(1,17) = 5.40, p < 0.05] on the escape behavior in
ETM. The post-hoc test showed that in escape 3 the animals in the group
vehicle-AMG had longer escape latency when compared to all other
groups [F(1,17) = 8.25; Newman-Keuls, p < 0.05]. Regarding avoid-
ance (Fig. 4a), there was a significant effect of trials [F(1,17) = 25.9,
p < 0.05], but no effect of systemic AMG [F(1,17) = 0.66, NS] or
K252a intra-dPAG [F(1,17) = 2.30, NS]. Also, there was no interaction
between the three factors [F(1,17) = 1.08, NS]. In this experiment,
panicolytic-like effect of AMG appears in escape 3 but not in escape 1
and 2, which differs from what was observed with the experiment
presented in Fig. 1b. The reason for this discrepancy is no clear but may
be due to a confounding effect of cannulation as an extra variable
present in last experiment but not in the first one.

b
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- =3 amg 15
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Fig. 1. Effect of acute (left) or repeated treatment (right) with aminoguanidine (amg) in the ETM. Animals received i.p. injections of amg 15, 30 or 60 mg/kg for

1day (a: n = 8,8,8,9) or 7 days (b: n = 11/group) and the effect upon avoidance latency in ETM was measured. Columns represent mean

p > 0.05 (NS).
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Fig. 2. Repeated treatment with aminoguanidine (amg) induces panicolytic-like effect in the ETM and hypoxia test. Effect of amg after 1 day (a: n = 8,8,8,9) or
7 days treatment (b: n = 11/group) on escape latency in ETM, and in the hypoxia-induced escape reaction (c: n = 7,8,8,8). Columns represent mean = SEM; two-
way ANOVA (a, b) followed by Newman-Keuls' multiple comparison test (when applicable) or Kruskal-Wallis test (c), *p=0.05 vs vehicle-treated group at the same

trial.

Table 1
Effect of acute and repeated treatment with aminoguanidine (15, 30, 60 mg/
kgi.p.) on BDNF and total TRKB levels in dPAG.

BDNF (mean * sem) TRKB (mean + sem)

Acute treatment

vehicle 100 + 14.5 100 + 12.3
amg 15 103 *= 14.5 134 + 26.2
amg 30 77 = 87 -

amg 60 88 = 10.4 -

Repeated treatment

vehicle 100 = 139 100 + 10.3
amg 15 109 + 10.0 92.0 = 10.0
amg 30 93 = 13.8 -

amg 60 104 = 7.6 -

4. Discussion

The present study investigated the effect of the non-selective NO
synthase inhibitor AMG on the escape response of rats submitted to the
ETM and hypoxia tests, and the involvement of TRKB signaling in the
AMG-induced effects.

Aminoguanidine is considered a preferential inhibitor of the in-
ducible isoform of NOS (iNOS or NOS2). However, AMG selectivity for
iNOS over nNOS is only 4.7 fold (Wolff et al., 1997). Due to the higher
basal expression of nNOS compared to iNOS (Vincent and Kimura,
1992; Onstott et al., 1993), especially in the dPAG, it is very unlikely
that in our experimental conditions AMG is acting significantly upon
iNOS. We were not able to detect iNOS in dPAG of naive male rats by
immunofluorescence (data not shown). Additionally, raw expression
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values for nNOS and iNOS, obtained from in-situ hybridization experi-
ments scanning the whole brain of mouse through sagittal sections,
were extracted from Allen Brain Atlas Data Portal (Lein et al., 2007)
and compared. Values for iNOS were close to noise/undetectable in
general (raw value range is 0.05-0.56, lowest and highest values were
from cortical subplate and olfactory areas, respectively), raw signal
from midbrain area was 0.2. Expression of nNOS was substantial, as
expected, and lower and highest raw values were obtained for thalamus
(1.13) and cortical subplate (5.2), respectively. We also compared
nNOS and iNOS expression using Expression Atlas from EMBL-EBI
(Papatheodorou et al., 2018) which provides data from RNAseq ex-
periments, and we obtained similar results: nNOS and iNOS average
expression in whole brain (in TPM, transcripts per million), respec-
tively, were 27.25 and 0.82. Considering all those pieces of informa-
tion, our perspective is that aminoguanidine would preferentially in-
hibit iNOS in a situation where both isoforms are expressed in similar
levels (which is the case for the studies that stablished the selectivity of
this drug in vitro). However, in experimental conditions where iNOS is
hardly expressed we would expect that nNOS would be the primary
target of aminoguanidine.

AMBG inhibited escape response both in the hypoxia test and in ETM.
In the hypoxia test, repeated treatment with three doses of AMG de-
creased escape expression. The effect, however, only reached statistical
significance with the lowest dose. The hypoxia test is based on the idea
that panic-attacks are a result of a misinterpreted sensation of suffo-
cation, as proposed by Donald Klein (Klein, 1993). In a recent study,
Spiacci and colleagues described the role of the dPAG area in mediating
escape responses (jumps) induced by hypoxia exposure. In the same
way of our results with repeated AMG treatment, these responses were

Fig. 3. Repeated but not acute treatment with ami-
noguanidine increases phospho TRKB and decreases
nitrite levels in dPAG. Effect of aminoguanidine
(15mg/kg, ip) acute (a; n = 5,6) or repeated treat-
ment (b; n = 5/group) on TRKB phosphorylation
and nitrite levels (¢c; n = 11,10,9) in the dPAG. TRKB
phosphorylation was normalized by total TRKB le-
vels and expressed as percentage of control (vehicle-
treated). Columns represent mean + SEM; Mann-
Whitney (a,b) or Kruskal-Wallis followed by Dunn's
multiple comparison test (c¢), *p~0.05 vs vehicle-
treated group.
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Fig. 4. Aminoguanidine-induced panicolytic effect is abolished by the TRKB antagonist K252a. Effect of aminoguanidine (15 mg/kgi.p.) repeated treatment (7 days)
and intermittent intra-dPAG injection of K252a (10 pmol/200 nl, injected at days 1, 4, 7) on avoidance (a) and escape (b) latencies in ETM (n = 6,5,5,5). Avoidance
(a) and escape (b) latencies were expressed as mean * SEM; two-way repeated measures ANOVA, *p < 0.05 vs vehicle-treated group at the same trial.

attenuated by high potency benzodiazepines (alprazolam) or repeated
treatment with fluoxetine (Spiacci et al., 2015).

In the ETM, repeated but not acute treatment with AMG 15 or
60 mg/kg induced an evident anti-escape effect, which was not ob-
served with 30 mg/kg. The reason for the inefficacy of this intermediate
dose is not clear, but similar U- or bell-shaped curves for the effect of
NOS inhibitors are not uncommon (Calixto et al., 2008; Lisboa et al.,
2013). The frequency of such ‘U-shaped’ and the hormetic model has
been revised by Calabrese and Baldwin (Calabrese and Baldwin, 2003a,
2003b), and appears to be more common than acknowledged. However,
little is known about the molecular mechanisms behind these ob-
servations (Rozman and Doull, 2003). It has been proposed that under a
challenge (for example, drug treatment) several modifications would be
triggered in the nervous system to counteract the problem. However, if
the given challenge is too mild (eg. drug treatment with low doses), the
counteracting response would not be triggered thus allowing the drug
effectiveness. On the other hand, if the challenge is too harsh (eg.
higher doses) it will exceed the counteracting response, allowing the
drug effectiveness once again. In this scenario, an intermediate dose
(enough to trigger the counteracting response but not to surpass it)
would result in the inefficacy of the treatment.

Another possibility to explain the lack of effect of the intermediary
dose of AMG in LTE escape response is that AMG systemically delivered
would differentially affect distinct brains areas, depending on the dose
used. Despite the nitrite data implicates NOS inhibition in dPAG, it is
not possible to rule out AMG-induced NO inhibition in other brain
areas, especially at higher doses. This possibility should be investigated
in further studies.

Similar to what we have observed with AMG, several clinically used
antidepressive/panicolytic drugs, such as fluoxetine, imipramine and
escitalopram, decrease escape expression in the ETM. Some of them (e.g
imipramine and escitalopram) also impair inhibitory avoidance acqui-
sition, indicating an anxiolytic effect (Pinheiro et al., 2007; Zangrossi Jr
and Graeff, 2014). Under the experimental conditions of the present
study, however, neither acute nor repeated treatment with AMG was
effective regarding this parameter.

Prior studies have investigated the effects of NOS inhibitors in the
ETM, but as far as we know, there are no other studies examining the
effects of the repeated treatment with these drugs. In agreement with
our data, no panicolytic-like effect was observed on escape behavior
after a single injection of the NOS inhibitor L-NAME, either i.p. or intra-
dIPAG. However, an anxiolytic-like effect on avoidance response was
observed by both i.p. or intra-dIPAG injections (Calixto et al., 2001,
2008). The reason for this discrepancy is not clear but it may con-
ceivably reflect the differences in selectivity for the NOS isoforms be-
tween AMG and L-NAME. L-NAME systemically delivered induced a
significant increase in the blood pressure which indicates an effect upon
endothelial NOS isoform. In fact, as described by Boer and colleagues

(Boer et al., 2000), AMG is 5- or 6-times more selective for nNOS or
iNOS, respectively, than for eNOS. In the same study, the authors ob-
served that L-NAME exhibit no selectivity between nNOS and eNOS
isoforms.

Behavioral changes induced by NOS inhibitors have been described
after acute and repeated administration, depending on the animal
model. For example, NOS inhibitors induce antidepressant-like effect in
the forced swimming test after a single injection in mice (Harkin et al.,
1999; Montezuma et al., 2012), while repeated treatment is required to
observe similar effects in the chronic mild stress or learned-helplessness
models (Yazir et al., 2012; Stanquini et al., 2017). A similar profile has
been described for classical antidepressant drugs and there is evidence
that different molecular mechanisms might be engaged in the effects
induced by acute and repeated treatment (Medrihan et al., 2017). In the
ETM, single injections were ineffective and repeated treatment is re-
quired for the anxiolytic and panicolytic effect induced by classical
antidepressants (Teixeira et al., 2000; Poltronieri et al., 2003; Pinheiro
et al., 2007). It has been proposed that the long-term effect of classical
antidepressants involves complex neuroplastic alterations in the central
nervous system mediated by BDNF-TRKB signaling (Karpova et al.,
2011). Following these findings, we hypothesized that regulation of
neuronal plasticity might also be required for the long-term anti-
depressant- and anxiolytic/panicolytic-like effects of NOS inhibitors.

In the proposed scenario, the panicolytic effect of AMG in the ETM
and hypoxia test could involve the activation of TRKB receptors in the
dPAG. Recently, our group described the involvement of for BDNF
signaling in this region in the panicolytic-like effects caused by anti-
depressants (Casarotto et al., 2015). Several antidepressant drugs, with
anxiolytic and panicolytic properties, such as fluoxetine, increase the
levels of pTRKB following acute or short-term treatment regimen in the
hippocampus and prefrontal cortex [for review see (Castrén, 2014)]. In
previous study we reported that pTRKB and BDNF levels were found
elevated in the dPAG of imipramine-, but not fluoxetine-treated ani-
mals, after 3days of drug administration. The differential effect be-
tween these compounds on pTRKB levels was also reflected on beha-
vioral results. Only imipramine exerted panicolytic-like effect in the
ETM following this short-term regimen. Both drugs increased pTRKB
levels in the dPAG after 21 days of treatment (Casarotto et al., 2015),
and were equally effective in the ETM at that time point (Pinheiro et al.,
2007). The microinjection of BDNF into the dPAG increased the escape
latency in the ETM (Casarotto et al., 2015) without causing any changes
in the avoidance task, and this neurotrophin also inhibited the escape
response induced by electrical stimulation of dPAG (Casarotto et al.,
2010).

Prior studies reported an increase in BDNF levels in the hippo-
campus in vivo following repeated treatment with NOS inhibitors, such
as 7NI (Stanquini et al., 2017) and aminoguanidine (Beheshti et al.,
2019). However, we did not find any change in BDNF levels in dPAG
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after AMG treatment. Despite the difference in the brain area in-
vestigated (hippocampus versus dPAG), there are other important var-
iances in the experimental protocols that could explain the dis-
crepancies. Beheshti et al. (2019) reported that aminoguanidine was
able to modulate hippocampal BDNF levels but the effect of amino-
guanidine was assessed only in LPS-treated animals, the effect of ami-
noguanidine per se was not investigated. Additionally, in that study LPS
effects were found to be associated to modulation of inflammatory
markers, such as IL-6, IL-10 and TNF-a in hippocampus, which strongly
indicates LPS induction of iNOS expression by microglia. Additionally,
only high doses of aminoguanidine were reported to be effective in
reduce NO production (100-150 mg/kg, which is 10 times higher than
the dose found effective in our study), which is consisted with LPS-
induced iNOS expression. Altogether, the data suggests that amino-
guanidine effects in Beheshti's study are most likely mediated by iNOS
inhibition, while in our study it seems to be mediated by nNOS in-
hibition. The kinetics of NO production differs among NOS isoforms:
nNOS activation is short-lived and tightly controlled by calcium fluc-
tuations and produces NO in picomolar range concentration, while
iNOS-derived NO production can be sustained for a long time since it
does not dependent on calcium waves - it is mainly regulated by iNOS
expression itself which synthesizes NO at nanomolar concentrations, i.e.
1000 times greater than nNOS (reviewed in Davies et al., 1995).
Therefore, it would be reasonable to expect different effects emerging
from nNOS versus iNOS inhibition.

Despite the lack of effect of aminoguanidine upon total BDNF levels,
we observed that repeated treatment increased pTRKB in dPAG. The
ability of AMG treatment to upregulate pTRK in the dPAG was asso-
ciated with its effectiveness upon the behavioral response in the ETM.
Moreover, the blockade of AMG-induced TRKB signaling in the dPAG
by k252a prevented the behavioral effects of AMG on escape latency.
Similarly, this parameter was affected by systemic imipramine admin-
istration or locally injected BDNF. These effects were also blocked by
intra-dPAG administration of k252a (Casarotto et al., 2015).

Taken together our data suggests that AMG exerts its panicolytic-
like effect through an increase in pTRKB levels in the dPAG. It is still
unclear how NO could modulate the activation of BDNF receptor, but it
is plausible to consider that NO regulates local BDNF release in dPAG
without changing its total levels. Accordingly, Canossa and co-workers
(Canossa et al., 2002) showed that NOS inhibition increased BDNF re-
lease in cell culture of hippocampal neurons. Another intriguing pos-
sibility is a direct modulation of TRKB function by NO, through nitra-
tion and/or nitrosylation. Using an algorithm to analyze putative sites
for nitration or nitrosylation [developed by (Xue et al., 2010; Liu et al.,
2011)] in TRK receptors, we reported previously that TRKB displays
sites with high probability for nitration of tyrosine residues (Biojone
et al., 2015). Both mouse and rat mature TRKB receptors are potential
targets for nitration at Y90, Y342 and Y816 residues. Interestingly, the
Y816 residue is also a well-known target of phosphorylation following
TRKB activation either by BDNF or antidepressant drugs, which recruits
PLC-gamma pathway (Huang and Reichardt, 2001). Functionally, there
is no evidence describing changes in nitrated TRKB responses. How-
ever, the phosphorylation of TRKA receptors by NGF prevents its ni-
tration by peroxynitrite, suggesting a competitive functional interaction
between these two modifications (Spear et al., 2002). Therefore, in-
hibiting the production of NO and putatively reducing the probability
of TRKB nitration, could facilitate BDNF effect on TRKB receptor in the
dPAG, leading to the observed panicolytic-like effect. This is an inter-
esting hypothesis to explain nitric oxide effects on TRKB phosphoryla-
tion, which remains to be explored in future investigation.

Overall our study shows that inhibition of physiological levels of
nitric oxide modulates TRKB receptor phosphorylation in dPAG.
Inhibition of nitric oxide production triggers TRKB activation thus in-
ducing panicolityc-like response. Therefore, our study suggests that
imbalanced nitric oxide production and TRKB signaling in dPAG could
play a critical role in the pathogenesis of Panic Disorder.

238

Progress in Neuropsychopharmacology & Biological Psychiatry 93 (2019) 232-239

Contributors

The hypothesis was proposed by CB and experimental design was
developed by CB and PCC. Data was collected by DER, PCC, CB, ASJ,
GGF, LCP, JETS. Data analysis and interpretation was conducted by
DER, PCC, CB, HZJ, FSG, SRLJ, CB. All the authors contributed to the
manuscript writing and approved the final version submitted.

Conflict of interest and funding

Authors declare no conflict of interest. This study was supported by
the Brazilian research agencies Fapesp (Sao Paulo Research Foundation,
Brazil) and CNPq (National Council for Scientific and Technological
Development, Brazil). The funding sources had no role in the study
design; in the collection, analysis and interpretation of data; in the
writing of the report; and in the decision to submit the article for
publication.

Conflict of interest
None.
Acknowledgements

The authors thanks to Flavia Salata, José C. Aguiar and Eleni T.
Gomes for their technical assistance.

References

Aguiar, D.C., Guimaraes, F.S., 2009. Blockade of NMDA receptors and nitric oxide
synthesis in the dorsolateral periaqueductal gray attenuates behavioral and cellular
responses of rats exposed to a live predator. J. Neurosci. Res. 87, 2418-2429.

Beheshti, F., Hashemzehi, M., Sabeti, N., Hashemi Sadr, S., Hosseini, M., 2019. The effects
of aminoguanidine on hippocampal cytokines, amyloid beta, brain-derived neuro-
trophic factor, memory and oxidative stress status in chronically lipopolysaccharide-
treated rats. Cytokine 113, 347-355.

Biojone, C., Casarotto, P.C., Joca, S.R., Castrén, E., 2015. Interplay between nitric oxide
and brain-derived neurotrophic factor in neuronal plasticity. CNS Neurol. Disord.
Drug Targets 14, 979-987.

Boer, R., Ulrich, W.R., Klein, T., Mirau, B., Haas, S., Baur, I., 2000. The inhibitory potency
and selectivity of arginine substrate site nitric-oxide synthase inhibitors is solely
determined by their affinity toward the different isoenzymes. Mol. Pharmacol. 58,
1026-1034.

Brandao, M.L., Zanoveli, J.M., Ruiz-Martinez, R.C., Oliveira, L.C., Landeira-Fernandez, J.,
2008. Different patterns of freezing behavior organized in the periaqueductal gray of
rats: association with different types of anxiety. Behav. Brain Res. 188, 1-13.

Calabrese, E.J., Baldwin, L.A., 2003a. Hormesis: the dose-response revolution. Annu. Rev.
Pharmacol. Toxicol. 43, 175-197.

Calabrese, E.J., Baldwin, L.A., 2003b. The hormetic dose-response model is more common
than the threshold model in toxicology. Toxicol. Sci. 71, 246-250.

Calixto, A.V., Vandresen, N., de Nucci, G., Moreno, H., Faria, M.S., 2001. Nitric oxide may
underlie learned fear in the elevated T-maze. Brain Res. Bull. 55, 37-42.

Calixto, A.V., Duarte, F.S., Moraes, C.K.L., Faria, M.S., De Lima, T.C.M., 2008. Nitric oxide
involvement and neural substrates of the conditioned and innate fear as evaluated in
the T-maze test in rats. Behav. Brain Res. 189, 341-349.

Canossa, M., Giordano, E., Cappello, S., Guarnieri, C., Ferri, S., 2002. Nitric oxide down-
regulates brain-derived neurotrophic factor secretion in cultured hippocampal neu-
rons. Proc. Natl. Acad. Sci. U. S. A. 99, 3282-3287.

Casarotto, P.C., de Bortoli, V.C., Corréa, F.M. de A., Resstel, L.B.M., Zangrossi Jr., H.,
2010. Panicolytic-like effect of BDNF in the rat dorsal periaqueductal grey matter: the
role of 5-HT and GABA. Int. J. Neuropsychopharmacol. 13, 573-582.

Casarotto, P.C., dos Santos, P.C., Lucas, G.A., Biojone, C., Pobbe, R.L.H., Vilela-Costa,
H.H., et al., 2015. BDNF-TRKB signaling system of the dorsal periaqueductal gray
matter is implicated in the panicolytic-like effect of antidepressant drugs. Eur.
Neuropsychopharmacol. 25, 913-922.

Castrén, E., 2014. Neurotrophins and psychiatric disorders. Handb. Exp. Pharmacol. 220,
461-479.

Castrén, E., Voikar, V., Rantamiki, T., 2007. Role of neurotrophic factors in depression.
Curr. Opin. Pharmacol. 7, 18-21.

Ceni, C., Unsain, N., Zeinieh, M.P., Barker, P.A., 2014. Neurotrophins in the regulation of
cellular survival and death. Handb. Exp. Pharmacol. 220, 193-221.

Cohen-Cory, S., 2002. The developing synapse: construction and modulation of synaptic
structures and circuits. Science 298, 770-776.

Coppell, A.L., Pei, Q., Zetterstrom, T.S.C., 2003. Bi-phasic change in BDNF gene expres-
sion following antidepressant drug treatment. Neuropharmacology 44, 903-910.

Davies, M.G., Fulton, G.J., Hagen, P.O., 1995. Clinical biology of nitric oxide. Brit J of
Surgery 82, 1598-1610.


http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0005
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0005
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0005
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0010
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0010
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0010
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0010
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0015
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0015
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0015
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0020
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0020
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0020
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0020
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0025
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0025
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0025
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0030
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0030
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0035
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0035
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0040
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0040
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0045
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0045
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0045
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0050
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0050
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0050
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0055
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0055
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0055
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0060
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0060
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0060
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0060
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0065
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0065
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0070
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0070
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0075
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0075
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0080
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0080
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0085
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0085
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0090
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0090

D.E. Ribeiro, et al.

De Oliveira, R.M., Del Bel, E.A., Guimaraes, F.S., 2001. Effects of excitatory amino acids
and nitric oxide on flight behavior elicited from the dorsolateral periaqueductal gray.
Neurosci. Biobehav. Rev. 25, 679-685.

Depaulis, A., Keay, K.A., Bandler, R., 1992. Longitudinal neuronal organization of de-
fensive reactions in the midbrain periaqueductal gray region of the rat. Exp. Brain
Res. 90, 307-318.

Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stress-related mood dis-
orders. Biol. Psychiatry 59, 1116-1127.

Duman, R.S., Heninger, G.R., Nestler, E.J., 1997. A molecular and cellular theory of de-
pression. Arch. Gen. Psychiatry 54, 597-606.

Feelisch, M., Rassaf, T., Mnaimneh, S., Singh, N., Bryan, N.S., Jourd'Heuil, D, et al., 2002.
Concomitant S-, N-, and heme-nitros(yl)ation in biological tissues and fluids: im-
plications for the fate of NO in vivo. FASEB J. 16, 1775-1785.

Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T., Lu, B., 1996. Regulation of sy-
naptic responses to high-frequency stimulation and LTP by neurotrophins in the
hippocampus. Nature 381, 706-709.

Freire, R.C., Machado, S., Arias-Carrién, O., Nardi, A.E., 2014. Current pharmacological
interventions in panic disorder. CNS Neurol. Disord. Drug Targets 13, 1057-1065.

Garthwaite, J., Garthwaite, G., Palmer, R.M., Moncada, S., 1989. NMDA receptor acti-
vation induces nitric oxide synthesis from arginine in rat brain slices. Eur. J.
Pharmacol. 172, 413-416.

Guevara-Guzman, R., Emson, P.C., Kendrick, K.M., 1994. Modulation of in vivo striatal
transmitter release by nitric oxide and cyclic GMP. J. Neurochem. 62, 807-810.
Harkin, A.J., Bruce, K.H., Craft, B., Paul, L.A., 1999. Nitric oxide synthase inhibitors have
antidepressant-like properties in mice. 1. Acute treatments are active in the forced

swim test. Eur. J. Pharmacol. 372, 207-213.

Huang, E.J., Reichardt, L.F., 2001. Neurotrophins: roles in neuronal development and
function. Annu. Rev. Neurosci. 24, 677-736.

Karpova, N.N., Pickenhagen, A., Lindholm, J., Tiraboschi, E., Kulesskaya, N.,
Agustsdéttir, A., et al., 2011. Fear erasure in mouse requires synergy between anti-
depressant drug treatment and exposure therapy. Science 334, 1731-1734.

Klein, D.F., 1993. False suffocation alarms, spontaneous panics, and related conditions.
An integrative hypothesis. Arch. Gen. Psychiatry 50, 306-317.

Lawrence, A.J., Jarrott, B., 1993. Nitric oxide increases interstitial excitatory amino acid
release in the rat dorsomedial medulla oblongata. Neurosci. Lett. 151, 126-129.
Lein, E.S., et al., 2007. Genome-wide atlas of gene expression in the adult mouse brain.

Nature 445, 168-176.

Lisboa, S.F., Magesto, A.C., Aguiar, J.C., Resstel, L.B.M., Guimaraes, F.S., 2013. Complex
interaction between anandamide and the nitrergic system in the dorsolateral peria-
queductal gray to modulate anxiety-like behavior in rats. Neuropharmacology 75,
86-94.

Liu, Z., Cao, J., Ma, Q., Gao, X., Ren, J., Xue, Y., 2011. GPS-YNO2: computational pre-
diction of tyrosine nitration sites in proteins. Mol. BioSyst. 7, 1197-1204.

Lonart, G., Wang, J., Johnson, K.M., 1992. Nitric oxide induces neurotransmitter release
from hippocampal slices. Eur. J. Pharmacol. 220, 271-272.

Martinowich, K., Lu, B., 2008. Interaction between BDNF and serotonin: role in mood
disorders. Neuropsychopharmacology 33, 73-83.

Medrihan, L., Sagi, Y., Inde, Z., Krupa, O., Daniels, C., Peyrache, A., et al., 2017. Initiation
of behavioral response to antidepressants by cholecystokinin neurons of the dentate
gyrus. Neuron 95 (4), 564-576.

Miguel, T.T., Nunes-de-Souza, R.L., 2006. Defensive-like behaviors and antinociception
induced by NMDA injection into the periaqueductal gray of mice depend on nitric
oxide synthesis. Brain Res. 1076, 42-48.

Mobbs, D., Petrovic, P., Marchant, J.L., Hassabis, D., Weiskopf, N., Seymour, B., et al.,
2007. When fear is near: threat imminence elicits prefrontal-periaqueductal gray
shifts in humans. Science 317, 1079-1083.

Mobbs, D., Yu, R., Rowe, J.B., Eich, H., FeldmanHall, O., Dalgleish, T., 2010. Neural
activity associated with monitoring the oscillating threat value of a tarantula. Proc.
Natl. Acad. Sci. U. S. A. 107, 20582-20586.

Molteni, R., Calabrese, F., Bedogni, F., Tongiorgi, E., Fumagalli, F., Racagni, G., et al.,
2006. Chronic treatment with fluoxetine up-regulates cellular BDNF mRNA expres-
sion in rat dopaminergic regions. Int. J. Neuropsychopharmacol. 9, 307-317.

Montezuma, K., Biojone, C., Lisboa, S.F., Cunha, F.Q., Guimaraes, F.S., Joca, S.R.L., 2012.

239

Progress in Neuropsychopharmacology & Biological Psychiatry 93 (2019) 232-239

Inhibition of iNOS induces antidepressant-like effects in mice: pharmacological and
genetic evidence. Neuropharmacology 62, 485-491.

Nashold Jr., B.S., Wilson, W.P., Slaughter, D.G., 1969. Sensations evoked by stimulation
in the midbrain of man. J. Neurosurg. 30, 14-24.

Nibuya, M., Morinobu, S., Duman, R.S., 1995. Regulation of BDNF and trkB mRNA in rat
brain by chronic electroconvulsive seizure and antidepressant drug treatments. J.
Neurosci. 15, 7539-7547.

Onstott, D., Mayer, B., Beitz, A.J., 1993. Nitric oxide synthase immunoreactive neurons
anatomically define a longitudinal dorsolateral column within the midbrain peria-
queductal gray of the rat: analysis using laser confocal microscopy. Brain Res. 610,
317-324.

Papatheodorou, I., Fonseca, N.A., Keays, M., Tang, Y.A., Barrera, E., Bazant, W., Burke,
M., Fiillgrabe, A., Fuentes, A.M., George, N., Huerta, L., Koskinen, S., Mohammed, S.,
Geniza, M., Preece, J., Jaiswal, P., Jarnuczak, A.F., Huber, W., Stegle, O., Vizcaino,
J.A., Brazma, A., Petryszak, R., 2018. Expression atlas: gene and protein expression
across multiple studies and organisms. Nucleic Acids Res. 46, D246-D251.

Paxinos, G., Watson, C., 2007. The Rat Brain in Stereotaxic Coordinates (Elsevier).

Pinheiro, S.H., Zangrossi Jr., H., Del-Ben, C.M., Graeff, F.G., 2007. Elevated mazes as
animal models of anxiety: effects of serotonergic agents. An. Acad. Bras. Cienc. 79,
71-85.

Poltronieri, S.C., Zangrossi Jr., H., de Barros Viana, M., 2003. Antipanic-like effect of
serotonin reuptake inhibitors in the elevated T-maze. Behav. Brain Res. 147,
185-192.

Rozman, K.K., Doull, J., 2003. Scientific foundations of hormesis. Part 2. Maturation,
strengths, limitations, and possible applications in toxicology, pharmacology, and
epidemiology. Crit. Rev. Toxicol. 33, 451-462.

Russo-Neustadt, A., Beard, R.C., Cotman, C.W., 1999. Exercise, antidepressant medica-
tions, and enhanced brain derived neurotrophic factor expression.
Neuropsychopharmacology 21, 679-682.

Saarelainen, T., Hendolin, P., Lucas, G., Koponen, E., Sairanen, M., MacDonald, E., et al.,
2003. Activation of the TrkB neurotrophin receptor is induced by antidepressant
drugs and is required for antidepressant-induced behavioral effects. J. Neurosci. 23,
349-357.

Spear, N., Estévez, A.G., Barbeito, L., Beckman, J.S., Johnson, G.V.W., 2002. Nerve
growth factor protects PC12 cells against Peroxynitrite-induced apoptosis via a me-
chanism dependent on phosphatidylinositol 3-kinase. J. Neurochem. 69, 53-59.

Spiacci Jr., A., Sergio, T. de O., da Silva, G.S.F., Glass, M.L., Schenberg, L.C., Garcia-
Cairasco, N., et al., 2015. Serotonin in the dorsal periaqueductal gray inhibits panic-
like defensive behaviors in rats exposed to acute hypoxia. Neuroscience 307,
191-198.

Stanquini, L.A., Biojone, C., Guimaraes, F.S., Joca, S.R., 2017. Repeated treatment with
nitric oxide synthase inhibitor attenuates learned helplessness development in rats
and increases hippocampal BDNF expression. Acta Neuropsychiatr. 1-10.

Teixeira, R.C., Zangrossi, H., Graeff, F.G., 2000. Behavioral effects of acute and chronic
imipramine in the elevated T-maze model of anxiety. Pharmacol. Biochem. Behav.
65, 571-576.

Vanhoutte, P., Bading, H., 2003. Opposing roles of synaptic and extrasynaptic NMDA
receptors in neuronal calcium signalling and BDNF gene regulation. Curr. Opin.
Neurobiol. 13, 366-371.

Vincent, S.R., Kimura, H., 1992. Histochemical mapping of nitric oxide synthase in the rat
brain. Neuroscience 46, 755-784.

Wolff, D.J., Gauld, D.S., Neulander, M.J., Southan, G., 1997. Inactivation of nitric oxide
synthase by substituted aminoguanidines and aminoisothioureas. J. Pharmacol. Exp.
Ther. 283, 265-273.

Xue, Y., Liu, Z., Gao, X., Jin, C., Wen, L., Yao, X., et al., 2010. GPS-SNO: computational
prediction of protein S-nitrosylation sites with a modified GPS algorithm. PLoS ONE
5, e11290.

Yazir, Y., Utkan, T., Aricioglu, F., 2012. Inhibition of neuronal nitric oxide synthase and
soluble guanylate cyclase prevents depression-like behaviour in rats exposed to
chronic unpredictable mild stress. Basic Clin. Pharmacol. Toxicol. 111, 154-160.

Zangrossi Jr., H., Graeff, F.G., 2014. Serotonin in anxiety and panic: contributions of the
elevated T-maze. Neurosci. Biobehav. Rev. 46, 397-406 Pt 3.


http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0095
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0095
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0095
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0100
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0100
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0100
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0105
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0105
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0110
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0110
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0115
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0115
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0115
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0120
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0120
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0120
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0125
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0125
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0130
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0130
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0130
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0135
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0135
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0140
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0140
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0140
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0145
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0145
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0150
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0150
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0150
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0155
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0155
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0160
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0160
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0165
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0165
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0170
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0170
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0170
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0170
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0175
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0175
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0180
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0180
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0185
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0185
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0190
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0190
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0190
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0195
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0195
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0195
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0200
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0200
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0200
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0205
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0205
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0205
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0210
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0210
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0210
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0215
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0215
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0215
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0220
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0220
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0225
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0225
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0225
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0230
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0230
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0230
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0230
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0235
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0235
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0235
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0235
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0235
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0240
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0245
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0245
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0245
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0250
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0250
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0250
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0255
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0255
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0255
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0260
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0260
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0260
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0265
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0265
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0265
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0265
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0270
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0270
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0270
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0275
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0275
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0275
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0275
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0280
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0280
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0280
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0285
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0285
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0285
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0290
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0290
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0290
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0295
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0295
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0300
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0300
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0300
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0305
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0305
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0305
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0310
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0310
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0310
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0315
http://refhub.elsevier.com/S0278-5846(18)30938-2/rf0315

	Activation of the TRKB receptor mediates the panicolytic-like effect of the NOS inhibitor aminoguanidine
	Introduction
	Methods
	Animals
	Drugs
	Apparatus
	Elevated T-maze
	Open field
	Hypoxia test

	Stereotaxic surgery and local drug injection
	Sample collection and preparation
	BDNF assay
	Western-blotting protocol
	Quantification of nitrite concentration in PAG

	Experimental procedure
	Experiment 1: effect of AMG acute injection in ETM
	Experiment 2: effect of AMG repeated treatment in the ETM, hypoxia-induced escape, and open-field test (OF)
	Experiment 3: effect of AMG treatment on BDNF levels in the PAG
	Experiment 4: effect of AMG treatment on pTRKB and nitrite levels in the PAG
	Experiment 5: effect of intra-dPAG administration of K252a on AMG-induced panicolytic-like effect

	Statistical analysis

	Results
	Experiment 1: effect of AMG acute injection on elevated T maze (ETM)
	Experiment 2: effect of AMG repeated treatment on the ETM, open field and hypoxia-induced escape
	Experiment 3: effect of AMG treatment on BDNF levels in the PAG
	Experiment 4: effect of AMG treatment on pTRKB and nitrite levels in the PAG
	Experiment 5: effect of intra-dPAG administration of K252a on AMG panicolytic-like effect

	Discussion
	Contributors
	Conflict of interest and funding
	Conflict of interest
	Acknowledgements
	References




